1. Introduction
===============

Patients diagnosed with musculoskeletal diseases are reported to have a predisposition to GIT disturbances that includes dyspepsia, nausea, abdominal bloating and irregular bowel habits \[[@B1-pathogens-02-00606],[@B2-pathogens-02-00606]\]. The intake of high-dose paracetamol (\>2 g per day) and/or NSAIDs for musculoskeletal pain \[[@B3-pathogens-02-00606],[@B4-pathogens-02-00606]\] has adverse effects on GIT physiology and morphology further inducing GIT symptoms reported by these patients \[[@B2-pathogens-02-00606],[@B5-pathogens-02-00606],[@B6-pathogens-02-00606],[@B7-pathogens-02-00606],[@B8-pathogens-02-00606]\]. GIT commensal microbial viability and growth may potentially be disrupted with the use of these medications, as demonstrated in animal and *in vitro* studies \[[@B9-pathogens-02-00606],[@B10-pathogens-02-00606],[@B11-pathogens-02-00606]\]. The association between GIT dysfunction, altered microbial profiles and the inconsistent clinical results for compounds such as glucosamine and green-lipped mussel extract in treating symptoms of OA has only recently been alluded to \[[@B12-pathogens-02-00606],[@B13-pathogens-02-00606]\]. Biological compounds are a potential substrate for bacterial metabolism and transform before being absorbed across the GIT mucosa, potentially modifying the therapeutic activity that has been demonstrated *in vitro* \[[@B14-pathogens-02-00606],[@B15-pathogens-02-00606],[@B16-pathogens-02-00606],[@B17-pathogens-02-00606],[@B18-pathogens-02-00606]\]. Moreover, gut dysbiosis has also been correlated with rheumatoid arthritis \[[@B19-pathogens-02-00606]\]. GIT dysbiosis is a term used to describe bacterial imbalances usually in the GIT. Such imbalances may increase the risk of developing GIT barrier dysfunction, via enterocyte hyper-permeability \[*leaky gut*\] to bacterial endotoxins.

In this review/commentary, we advance the hypothesis that a dysbiotic GIT and the pathogenic commensal microbiome cohort play a significant role in the induction of pro-inflammatory mediators in musculoskeletal diseases. The disruption of the GIT epithelial barrier that can accompany chronic use of analgesic medications can exacerbate local inflammatory responses induced by bacterial species that further disrupt GIT physiological function leading to unregulated inflammatory responses.

2. The Gastrointestinal Tract (GIT) Microbiome
==============================================

The GIT microbiota comprise one of the most metabolically and immunologically active organs, outnumbering human cells 10-fold and encoding 100-fold more unique genes than that of the human genome \[[@B20-pathogens-02-00606],[@B21-pathogens-02-00606],[@B22-pathogens-02-00606]\]. The GIT is the site at which microbiota and environmental antigens are most exposed to the immune system. The symbiotic relationship between GIT microbiota and the host's immune system begin at birth, with the microbiota shaping immune system development, and conversely the immune system shaping microbiota composition \[[@B23-pathogens-02-00606]\]. In the absence of microbes, neither the host gut physiology nor the immune system develops normally \[[@B24-pathogens-02-00606]\]. GIT microbiota are highly structured and exert extensive protective, structural, metabolic and immune influences within and systemically from the gut \[[@B15-pathogens-02-00606],[@B17-pathogens-02-00606]\]. Microbiota communicate with the host's immune system and beyond through signaling pathways interacting with organs such as the gut, liver, muscle and brain, together comprising a series of host-microbe metabolic axes \[[@B23-pathogens-02-00606]\]. This allows interactive, multi-directional chemical communication between organs and a series of microbial species that can modulate metabolic reactions.

Among the 100 different bacterial phyla so far identified on our planet, only five to six are located within the human GIT. *Bacteroidetes*, *Firmicutes*, *Actinobacteria*, *Proteobacteria*, Fusobacteria and *Verrucomicrobia* represent the dominant phyla while less prevalent bacteria belong to the *Cyanobacteria*, *Fusobacteria*, *Lentisphaerae*, *Spirocjaetes* and TM7 phyla \[[@B25-pathogens-02-00606],[@B26-pathogens-02-00606]\]. Microbial colonisation ranges from 10^2^ CFU/g in the proximal gut, increasing in number and diversity to 10^12^ CFU/g in the distal gut \[[@B26-pathogens-02-00606]\]. The abundance of each dominant phyla remains consistent within adults; however, up to 70% of bacterial subsets within the phyla groups are specific to each individual \[[@B26-pathogens-02-00606]\]. Furthermore, the phylogenetic and functional composition of the individual microbiota do not remain stable, but instead demonstrate varying degrees of plasticity in response to diet, environment and geographical location. Recent studies report that GIT microbial flora predominance consists of three dominant enterotypes characterized as *Bacteroides*, *Prevotella*, and *Ruminococcus* species \[[@B27-pathogens-02-00606],[@B28-pathogens-02-00606]\]. Moreover that the GIT microbiome is subject to modification by dietary and environmental variables as shown by altered patterns of enterotype dominance \[[@B28-pathogens-02-00606]\]. They further reported that faecal communities are clustered into the enterotypes *Bacteroides* and *Prevotella*. Enterotypes were strongly associated with long-term diets, particularly high protein and animal fat (*Bacteroides*) *versus* low protein and higher carbohydrates (*Prevotella*). A controlled-feeding study (from 10 subjects) showed that microbiome composition changed detectably within 24 h of initiating a high-fat/low-fiber or low-fat/high-fiber diet, but that enterotype identity remained stable during the 10-day clinical study, indicating that alternative enterotype states are associated with long-term dietary patterns only.

3. The Gastrointestinal Tract (GIT) Microbiome and Immune Regulation
====================================================================

The intestinal microbiota can have marked effects on mucosal defense mechanisms (*i.e.*, competition for mucosal colonisation and metabolic substrates plus synthesis of regulatory factors such as short chain fatty acids and bacteriocins) and the innate and adaptive immune responses of the host, and are therefore integral to maintaining immune homeostasis within the developing and adult gut \[[@B29-pathogens-02-00606],[@B30-pathogens-02-00606]\]. Commensal bacteria, however, differ in their ability both to promote development of the gut-associated lymphoid tissues and to maintain its function \[[@B29-pathogens-02-00606],[@B30-pathogens-02-00606]\].

The mammalian GIT microbiota extensively interacts with the host via the intestinal mucosal surface, a site with a complex and interactional environment that is continuously exposed to a range of commensal microorganisms. The GIT is often subjected to intrinsic and extrinsic insults that can significantly disrupt GIT homeostasis. As a consequence of the high metabolic load that is encountered in the GIT, toxins may arise due to adverse bacterial activity \[[@B31-pathogens-02-00606]\], or by dietary and environmental influences \[[@B32-pathogens-02-00606]\], and these can exact a heavy toll on the enterocyte's barrier function. Dysbiosis is a GIT perturbation that can be induced by the administration of antibiotics, imprudent dietary practices, medications, immune deficits, inflammation and pathogenic infections leading to increased numbers of Gram-negative bacteria and translocation of their gene products such as lipopolysaccharides (LPS) across the inflamed, permeable intestinal epithelia generating systemic inflammation and endotoxaemia \[[@B33-pathogens-02-00606],[@B34-pathogens-02-00606]\]. The GIT enterocyte in conjunction with saccharolytic bacteria (that is, those that predominantly ferment carbohydrates) or proteolytic bacteria (that is, those that predominantly utilize protein) \[[@B35-pathogens-02-00606]\], is exposed to an array of potentially toxic molecules that predispose to disease.

The past six decades has seen a significant increase in the prevalence of autoimmune diseases \[[@B35-pathogens-02-00606],[@B36-pathogens-02-00606]\] such as RA. This was the catalyst that led to the formulation of the hygiene hypothesis. Over the past two decades, the hygiene theory has been tested and tweaked, expanded and extended \[[@B36-pathogens-02-00606]\]. This hypothesis provides a biologically plausible explanation for the trend that implicates diminished exposure in early childhood to those *commensal* infections that boost immune defenses. This deficit subsequently enhances the risk, for later life, of GIT inflammatory problems that disrupt normal/regulated GIT inflammatory responses and increases the susceptibility to developing autoimmune diseases \[[@B37-pathogens-02-00606]\]. The hypothesis proposed a reduced exposure to infections in early childhood owing to a combination of diminishing family size and better personal hygiene, which might then go on to increase the risk of developing allergic diseases \[[@B38-pathogens-02-00606]\]. The interface of the microbial environment with the innate immune system could be significantly modulated so that its ability to impart instructions to adaptive/regulatory immune/inflammatory responses would be adversely affected, particularly when such interactions occurred *in utero* and or were presaged in early life. Researchers \[[@B37-pathogens-02-00606],[@B38-pathogens-02-00606]\] documented this trend highlighting that an epidemic of both GIT autoimmune diseases in which the immune response was dominated by Th1 cells (such as Type 1 Diabetes Mellitus, Crohn's disease, Multiple Sclerosis) or allergic diseases in which the immune response was dominated by Th2 cells (such as Asthma, Allergic Rhinitis, and Atopic Dermatitis) were becoming increasingly prevalent in Western communities.

Evolution has naturally endowed the human species with immune/inflammatory regulatory mechanisms activated by the interactions with both the external and internal microbial environments. These then serve to fine-tune both Th1 and Th2 antigen-driven effector responses \[[@B38-pathogens-02-00606]\]. The innate immune system senses the environment and accordingly modulates the T regulatory arm, the ultimate keeper of the balance between antigen tolerance and responsiveness. The efficiency of the regulatory interface in its current state would paradoxically be jeopardized by a decrease in the microbial burden that the immune system has co-evolved with \[[@B38-pathogens-02-00606]\]. It is therefore a coordinated effort between host tolerance and bacterial immune regulation. Active sampling and immune responses to resident bacteria, pathogens and other antigens are mediated by enterocytes, microfold (M) cells and dendritic cells within the mucosal epithelium \[[@B15-pathogens-02-00606]\]. These immunosensory cells secrete chemokines, cytokines, anti-microbial peptides and secretory immunoglobulin A (sIgA) in response to enteric microbiota and pathogens \[[@B39-pathogens-02-00606]\]. Intestinal dendritic cells directly sample lumenal antigens \[[@B40-pathogens-02-00606]\] and present them to CD4^+^ T-helper cells, thereby regulating immune effectors such as antigen-specific CD8^+^ cytotoxic T cells and B cells, as well as non-antigen specific macrophages and eosinophils \[[@B41-pathogens-02-00606],[@B42-pathogens-02-00606]\]. The enterocytes and dendritic cells express two major host pattern recognition receptor (PRR) proteins that are crucial for communicating immune cell activation in response to specific microbial antigens. They include the family of Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD1 and NOD2) proteins that allow the host to differentiate the commensal from the pathogenic bacteria \[[@B15-pathogens-02-00606],[@B43-pathogens-02-00606]\].

The range of receptor proteins bind to and become activated by various bacterial ligands including LPS, peptidoglycans, lipotechnoic acids, lipopeptides, flagellin and zymosan (from *yeast* cell walls) \[[@B15-pathogens-02-00606],[@B28-pathogens-02-00606]\]. Upon activation, these receptor proteins trigger intracellular inflammatory signaling pathways. Dendritic cells modulate immune responsiveness or tolerance to the bacterial antigens by promoting either effector (Th1 or Th2) or regulatory T (Treg) cells. While most enteric bacteria predominantly reside in the mucus layer, *Clostridia*-related, Gram-positive bacteria known as Segmented Filamentous Bacteria (SFB), is able to anchor onto epithelial cells adjacent to M cells \[[@B44-pathogens-02-00606],[@B45-pathogens-02-00606]\] and are the most potent modulators of colonic Treg cells \[[@B46-pathogens-02-00606]\]. Commensal-derived metabolites and the composition of bacterial surface structures have various impacts on the host immune system. Host inflammatory responses to pathogenic bacteria are centrally controlled by NF-κB, which is responsible for expression of chemokines and cytokines. Most commensal bacteria do not activate NF-κB, but rather certain species can restrain inflammatory signals in response pathogenic bacteria by limiting NF-κB activation \[[@B28-pathogens-02-00606],[@B47-pathogens-02-00606]\]. Immunotolerance to commensal bacteria as seen in a healthy gut is in part due to the absence of the expression or the redistribution of TLRs from epithelial apical membranes along the length of the GIT, which is thought to limit the activation of TLRs by commensal bacteria and bacterial products \[[@B35-pathogens-02-00606]\]. Further, intestinal enterocytes express high levels of the TLR inhibitor Toll-interacting protein (Tollip) that is expressed constitutively or induced which limit TLR-mediated inflammatory responses. Tollip expression correlates directly with the luminal bacterial load *in vivo* and is highest in healthy colonic mucosa \[[@B15-pathogens-02-00606],[@B47-pathogens-02-00606]\].

Studies exploring the molecular mechanisms that might underpin the hygiene hypothesis have focused mostly on the interactions between bacterial products and Toll-like receptors (TLRs)---the main transducers of microbial signals to the innate immune system and critical regulators of CD4 T-cell activation and regulation \[[@B48-pathogens-02-00606],[@B49-pathogens-02-00606]\]. Therapeutically, a recent review has highlighted how in those individuals with chronic helminth infections there is often an association with a reduced prevalence of inflammatory disorders, including allergic diseases \[[@B50-pathogens-02-00606]\]. Mechanistically it was reported that by inducing or expanding regulatory B cells with helminths that this may then open novel avenues for the treatment of inflammatory diseases, such as allergic asthma \[[@B51-pathogens-02-00606]\].

4. The GIT Microbiome and Musculoskeletal Diseases
==================================================

The implication of oral and intestinal microbiota in the development of RA was conceived more than a century ago, with more recent analytical techniques confirming altered intestinal microbial profiles in RA patients, providing a plausible aetiopathogenic role \[[@B52-pathogens-02-00606]\]. A recent study investigating the colonic microbial biocenosis and colonizing ability of opportunistic bacteria in 32 patients with RA and 30 healthy subjects reported RA was associated with significant modification of the GIT microbiota \[[@B19-pathogens-02-00606]\]. There were notable decreases in Lactobacteria and significant increases in *Enterococci*, *Clostridia*, *Colibacteria* genus with reduced enzymatic activity and an increase in opportunistic species when compared to the control subjects. Symbiotic interactions between species, was also altered, with *Bifidobacteria*, *Bacteroids*, and lacto-positive *Colibacteria* species reduced while the abundance of opportunistic *Enterobacteria* and *Staphylococci* were increased. Opportunistic *Enterobacteriaceae* were present in urine and nasal mucosa suggesting their translocation from the intestines. Consistent with these observations, it was concluded that changes in intestinal microflora and colonization by opportunistic bacteria enhance the risk of RA patients developing co-morbid conditions \[[@B19-pathogens-02-00606]\]. An earlier study, by Vaahtovuo *et al*. 2008 \[[@B53-pathogens-02-00606]\] supports the hypothesis the intestinal microbes participate in the aetiopathogenesis of RA. When comparing fecal microbial profiles between patients with early RA or fibromyalgia (FM) they found that RA patients had significantly less *Bifidobacteria* and bacteria of the *Bacteroides-Porphyromonas-Prevotella* group, *Bacteroides fragilis* subgroup, and *Eubacterium rectal-Clostridium coccoides* group compared to patients with FM as it is a non-inflammatory condition \[[@B53-pathogens-02-00606]\]. The hypothesis that GIT microbiota and their degradation products induce synovial inflammation and the development of arthritis in genetically susceptible individuals has previously been proposed by Toivanen \[[@B54-pathogens-02-00606]\] who states that constant seeding of bacterial products from the gut leads to synovial inflammation and chronic arthritis in susceptible people.

Profiling of gut bacteria in patients diagnosed with OA is limited. Altered GIT bacterial profiles and gut functionality in patients diagnosed with OA has been reported by our group \[[@B12-pathogens-02-00606],[@B13-pathogens-02-00606]\]. GIT symptoms such as reflux, nausea, abdominal bloating and pain, flatulence, constipation and diarrhea were reported by 18%--39% of study participants ranging from mild to very severe symptom severity. Fecal analysis demonstrated elevated counts of species from the genus *Enterococcus*, *Streptococcus*, *Staphylococcus*, *Eubacterium*, *Lactobacillus*, *Bifidobacterium* and *Clostridium*. Species from the genus Prevotella were only detected in 5% of the patients. The most prevalent species detected within each genera were: Coliforms (*Escherichia coli*, *Klebsiella pneumoniae*); *Enterococcus* (*E. faecalis*, *E. faecium*); *Streptococcus* (*S. mutans*, *S. parasanguinis*, *S. salivarius*); *Staphylococcus* (*S. aureus*, *S. epidermidis*, *S. capitis*); Yeasts (*Candida albicans*); *Bacteroides* (*B. vulgates*, *B. ovatus*, *B. fragilis*, *B. uniformis*, *B. thetaiotaomicron*, *B. stercoris*); *Eubacterium* (*Collinsella aerofaciens*); *Lactobacillus* (*L. acidophilus*, *L. gasseri*, *L. paracasei*, *L. fermentum*); *Bifidobacterium* (*B. longum*, *B. animalis*, *B. adolescentis*, *B. bifidum*); *Clostridium* (*C. innocuum*, *C. tertium*) with *C. perfringens* detected in one patient. After 12 weeks supplementation with either whole green-lipped mussel (GLM) extract or glucosamine sulfate, both groups demonstrated notable trends in a decrease of the genus *Clostridia* and *Staphylococcus*. This occurred concurrently with significant improvements in OA symptoms, namely joint pain, stiffness and function and furthermore, significant improvements in GIT symptoms such as bloating, abdominal pain, reflux and altered bowel habits. SFB are one of the most potent modulators of colonic regulatory T (Treg) cells and play an important role in the regulation of IL-17 synthesis from Th17 cells \[[@B55-pathogens-02-00606]\]. While microbiota-induced Th17 cytokines are crucial for protection against intestinal pathogens, they can also contribute to inflammation \[[@B56-pathogens-02-00606]\]. For example, SFB can initiate autoimmune arthritis in murine models via the induction and differentiation of antigen-specific Th17 cells with subsequent IL-17 production and auto-antibodies \[[@B55-pathogens-02-00606]\] and also induce intestinal inflammation \[[@B57-pathogens-02-00606]\].

Further to the involvement of bacteria and bacterial toxin systemic dissemination from the GIT to distal inflammatory sites within the body, the diverse colonization (\>700 species identified) of bacteria in the oral cavity also serves as a possible source of inflammatory triggers thought to be involved in the aetiology of RA \[[@B58-pathogens-02-00606],[@B59-pathogens-02-00606],[@B60-pathogens-02-00606]\]. It is reported that patients with RA have a higher prevalence of periodontal disease (PD) compared to healthy controls, with the severity of periodontitis correlated to the severity of RA disease activity \[[@B60-pathogens-02-00606]\]. PD is caused by oral microbiota, in particular by certain a group of anaerobic Gram-positive bacteria, namely *Porphyromonas gingivalis*, *Treponema denticola*, and *Tannerella forsythia* that colonize the subgingival spaces as biofilms \[[@B61-pathogens-02-00606]\]. Oral bacterial DNA has been identified in the synovial fluid (SF) from RA patients' in particular *P. gingivalas* and *Prevotella intermedia* \[[@B62-pathogens-02-00606]\]. Furthermore, high levels of antigen-specific antibodies against periodontal pathogens in RA and OA-SF namely against *Porphyromonas gingivalis*, *Prevotella intermedia and Bacteroides forsythus,* have also been reported \[[@B63-pathogens-02-00606]\]. The discovery of bacteria and bacteria-derived peptidoglycan-polysaccharides (PG-PS) in SF from not only reactive arthritis, but chronic forms of arthritis such as RA and OA, indicates that arthritic joints are not sterile as previously thought \[[@B64-pathogens-02-00606]\]. The presence of bacterial antigens within the synovial fluid triggers and exacerbates joint inflammation \[[@B64-pathogens-02-00606],[@B65-pathogens-02-00606],[@B66-pathogens-02-00606],[@B67-pathogens-02-00606],[@B68-pathogens-02-00606],[@B69-pathogens-02-00606]\]. Other bacteria antigens detected in SF include *Pseudomonas* sp., *Shigella* sp., *Escherichia coli*, \[[@B67-pathogens-02-00606]\] *Streptococcus thermophilus*, *Chlamydia trachomatis* and *Chlamydia pneumonia* \[[@B68-pathogens-02-00606],[@B69-pathogens-02-00606],[@B70-pathogens-02-00606]\]. The dermis-derived bacteria, *Propionibacterium acne*, a gram-positive anaerobic bacillus, has recently been identified in shoulder joint fluid and tissue specimens from patients with radiographic signs of shoulder arthropathy (OA and cuff tear arthropathy) and also from patients with oligoarthritis, with a number of case studies supporting these findings \[[@B71-pathogens-02-00606],[@B72-pathogens-02-00606]\] It has been reported that intra-articular injection of *P acnes* in rats leads to an erosive arthritis \[[@B73-pathogens-02-00606]\].

Environmental factors such as the composition and metabolic activity of the gut flora, immune system reactivity and genetic factors are all believed to play a role in the progression of gut inflammatory states for conditions such as RA \[[@B52-pathogens-02-00606]\]. Clinical observations suggest that certain intestinal and extra-intestinal bacterial infections may perhaps precede or reactivate chronic intestinal inflammation. A number of microbial agents have been implicated as initiating factors in the pathogenesis of for example inflammatory bowel disease (IBD), including *Mycobacterium paratuberculosis*, measles virus, *Listeria monocytogenes*, and adherent *E. coli* \[[@B74-pathogens-02-00606]\]. The plausible mechanism for causality is the disruption of the GIT microbiome. A proposed mechanism by which pathogenic micro-organisms may drive intestinal inflammation in susceptible individuals is via disruption of the mucosal barrier. This could then lead to an increased uptake of luminal antigens or mimics of self antigens and activate the mucosal immune system via modulation of transcription factors such as NFkB \[[@B74-pathogens-02-00606]\] by sustaining a dysregulated pro-inflammatory action.

5. Probiotics and Prebiotics and Musculoskeletal Disease
========================================================

5.1. Probiotics
---------------

Probiotics are living organisms in food and dietary supplements that upon ingestion can improve the health of the host beyond their inherent basic nutritional content \[[@B75-pathogens-02-00606]\]. A recent review has highlighted numerous clinical studies that have demonstrated efficacy in the treatment of inflammatory and immune deficit diseases and conditions \[[@B76-pathogens-02-00606]\].

The therapeutic potential of using probiotics to treat arthritic conditions has only recently been recognized, with a small number of animal and human studies having been undertaken, predominantly for autoimmune arthritic diseases. Beneficial effects have been demonstrated by probiotics controlling inflammatory diseases, although this is dependent on the species and strain of bacteria \[[@B77-pathogens-02-00606]\].

Oral administration of *Lactobacillus casei* (5 × 10^9^ CFU × 3 times per week) was shown to protect against RA progression in a rat model, whereby *L. casei* suppressed collagen-induced arthritis (CIA) and reduced paw swelling, lymphocyte infiltration and destruction of cartilage tissue \[[@B78-pathogens-02-00606]\]. *L. casei* reduced the pro-inflammatory cytokines (IL-1β, IL-2, IL-6, IL-12, IL-17, IFN-δ, TNF-α and COX-2) while up-regulating immunoregulatory IL-10 levels. The authors concluded that *L. casei* suppresses Th-1 immune responses of arthritic inflammation. This is supported by a further study demonstrating oral administration of *L. casei* (2 × 10^10^ CFU, 500 mg/kg body weight × 3 times per week) in combination with type II collagen (CII), synergistically suppressing arthritic inflammation (RA model in rats) by promoting oral tolerance, demonstrated by a decrease in pro-inflammatory cytokines (IL-1β, IL-2, IL-6, IL-12, IL-17, IFN-δ and TNF-α) and an increase in anti-inflammatory cytokines (Il-10 and TGF-β) and Foxp3^+^ CD4^+^ T cells which are one of the most important subset of regulatory cells \[[@B78-pathogens-02-00606]\]. CII is a major self-antigen that plays a key role in the T cell mediated immune responses of RA. More recently, *L. casei* (2 × 10^8^ CFU/mL of distilled water given daily) \[[@B79-pathogens-02-00606]\] demonstrated a protective effect against chronic inflammation and arthritis in a collagen-induced rat arthritis model preventing synovial infiltration, pannus formation, cartilage and bone destruction with a significant reduction in pro-inflammatory cytokines \[[@B79-pathogens-02-00606],[@B80-pathogens-02-00606]\].

OA animal models have also been investigated with the administration of probiotics. In a rat OA model, the authors demonstrated that the oral administration of *L. casei* (2 × 10^10^ CFU/kg, 500 mg/kg of body weight) together with CII (250 mg/kg body weight) and glucosamine (250 mg/kg body weight) 6 times per week, more effectively reduced pain, cartilage destruction and lymphocyte infiltration that the treatment of GlcN or *L. casei* alone \[[@B81-pathogens-02-00606]\]. Co-administration of *L. casei* with GlcN significantly decreased nuclear translocation of NF-κB in chondrocytes, with a decrease in pro-inflammatory cytokines (IL-1β, IL-2, IL-6, IL-12, IL-17, TNF-α and IFN-δ) and MMP1, MMP3 and MMP13 and up-regulation of ant-inflammatory cytokines (IL-10 and IL-4). Glucosamine administered alone did not effectively suppress OA progression, but it still demonstrated anti-inflammatory activity as detected by cytokine analyses.

There are a small number of human clinical trials ([Table 1](#pathogens-02-00606-t001){ref-type="table"}) that have assessed the therapeutic efficacy of administering probiotics to patients with autoimmune arthritic diseases. However, there are no clinical studies that have investigated the role of probiotics in reducing the symptoms of OA. A recent animal study though has provided plausible data that a probiotic strain investigated, namely, *Lactobacillus casei* could act as a potent nutraceutical modulator for the treatment of OA. Pain was reduced, as were inflammatory responses, and articular cartilage degradation \[[@B81-pathogens-02-00606]\].

A small randomized, double blind, placebo controlled pilot study assessed the efficacy of *Lactobacillus rhamnosus GG* (5 × 10^9^ CFU/capsule) twice daily in 21 RA patients for 12 months duration \[[@B82-pathogens-02-00606]\]. There were no statistical differences in the clinical parameters, biochemical variables (e.g., CRP, ESR, pro- and anti-inflammatory cytokines) or Health Assessment Questionnaire (HAQ) index between the two groups over the study period. The probiotic group did report overall increased subjective wellbeing with a decrease in tender and swollen joints and decrease in disease activity (reduced by 71%) compared to the placebo group (reduced by 30%). In a double-blind, randomized placebo controlled study, 63 patients with spondyloarthritis (SpA) were treated with a probiotic containing *Streptoccocus salivarius* (1 × 10^8^ CFU/g), *Bifidobacterium lactis* (4 × 10^8^ CFU/g) and *Lactobacillus acidophilus* (1 × 10^8^ CFU/g) or a placebo at a dose of 0.8 g (1 level tea spoonful) twice daily for 12 weeks \[[@B83-pathogens-02-00606]\]. Probiotic therapy did not improve disease activity, function or quality of life in-patient with SpA but the results may have been due to trial duration, the species and strains of bacteria chosen as bacterial activity cannot be generalized. The probiotic group did however demonstrate an improvement in GIT symptoms within the 12-week period. A double-blind, randomized placebo controlled study assessed the efficacy of a probiotic containing *Lactobacillus rhamnosus* and *Lactobacillus reuteri* in treating 30 patients with RA for three months duration \[[@B84-pathogens-02-00606]\]. Each probiotic capsule contained 2 billion CFU with one capsule taken orally twice daily. Administration of probiotics did not demonstrate an improvement in disease activity compared to placebo, and while not significant there was a trend for the probiotic group to demonstrate reduced secretion of several pro-inflammatory cytokines (Il-1α, IL-6, IL-15 and TNF-α). Furthermore, in a double-blind, randomized placebo controlled study, 45 RA patients were supplemented with a probiotic containing *Bacillus coagulans* (2 billion CFU/day) plus green tea extract, methy-sulfonyl-methane (MSM) and vitamins and minerals (including vitamins A, B, C, D, E, folic acid and selenium) or placebo for 60 days \[[@B85-pathogens-02-00606]\]. Patients who received *Bacillus coagulans* experienced borderline statistically significant improvement from baseline in the Patient Pain Assessment score (*p* = 0.052) and statistically significant improvement from baseline in the Pain Scale (*p* = 0.046) compared to the placebo group.

5.2. Prebiotics
---------------

The concept of a *prebiotic* was first established in 1995 \[[@B86-pathogens-02-00606]\]. Later redefined as a selectively fermented ingredient that allows specific changes, both in the composition and/or activity of the GIT microflora that confers benefits upon host well-being and health \[[@B87-pathogens-02-00606],[@B88-pathogens-02-00606]\]. Prebiotic classification of a compound requires it to meet a number of criteria, namely that it is non-digestible, fermented by intestinal microbiota and it selectively stimulates the growth and activity of intestinal bacteria, as demonstrated by *in vitro* and *in vivo* examination \[[@B89-pathogens-02-00606],[@B90-pathogens-02-00606]\]. Prebiotics provide an energy source for growth of commensal bacteria already established in the GIT, thereby potentiating the beneficial actions of the GIT microbiome. This includes the synthesis of SCFAs that affect cell proliferation and differentiation, induce entero-endocrine peptide hormones (e.g., glucagon-like peptide 2), modulate inflammation (e.g., decrease TNF-α; increase IL-10) and influence leukocyte chemotaxis \[[@B91-pathogens-02-00606],[@B92-pathogens-02-00606]\]. The extensive metabolic capacity of the gut microbiome however, enables it to ferment and metabolize substances beyond the typical non-digestible fibers, such as unabsorbed or undigested proteins, to produce biologically active compounds as either signaling- or nutrient compounds and precursors for Short Chain Fatty Acids (SCFAs) synthesis \[[@B92-pathogens-02-00606]\].

There are other classes of non-digestible dietary products that are not typically considered to be prebiotics. These include phenolic compounds from plants and known to be metabolized by GIT bacteria, producing various bioactive metabolites \[[@B93-pathogens-02-00606]\]. Early *in vitro* studies confirm that commensal bacterial species within the gut do ferment and metabolize glucosamine \[[@B94-pathogens-02-00606],[@B95-pathogens-02-00606],[@B96-pathogens-02-00606],[@B97-pathogens-02-00606],[@B98-pathogens-02-00606],[@B99-pathogens-02-00606]\]. A large number of GIT microbiota genera and species are known to ferment glucosamine, including several *Lactobacilli* strains (*i.e.*, *L. casei*, *L. plantarum*, *L. acidophilus*, and *L. leichmanii*), *Streptococcus*, *Staphylococcus*, *Leuconostoc* \[[@B96-pathogens-02-00606]\], *Escherichia coli*, *Enterococcus faecalis*, *Proteus vulgaris* and *Bacillus coli* (from which *E. coli* is a descendant) \[[@B97-pathogens-02-00606],[@B98-pathogens-02-00606]\]. Bacteria utilize amino sugars by acquiring them or synthesizing them to form peptidoglycans and lipopolysaccharides in the bacterial cell wall. GIT mucosal cells utilize glucosamine to synthesize and secrete the protective mucins along the whole length of the GIT tract \[[@B100-pathogens-02-00606]\]. The biosynthetic and degradative steps for glucosamine in bacteria are subjected to tight regulation \[[@B101-pathogens-02-00606]\] that leads to sufficient glucosamine biosynthesis for bacterial cell growth and survival \[[@B95-pathogens-02-00606],[@B102-pathogens-02-00606],[@B103-pathogens-02-00606],[@B104-pathogens-02-00606]\]. It is suggested that any benefit demonstrated by glucosamine for osteoarthritic joints may be secondary to its effects on non-articular tissues, such as GIT barrier function and bacterial growth \[[@B105-pathogens-02-00606]\]. This potentially qualifies it as a prebiotic substance. Similarly, in limited studies examining the effect of green-lipped mussel GLM on GIT bacteria, suggest that GLM influence GIT bacterial profiles \[[@B13-pathogens-02-00606]\] and the anti-inflammatory effect exhibited by the GLM may involve its modulation first by gut commensal bacteria prior to inducing a local anti-inflammatory effect that spreads extra-intestinally to the joints.
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Clinical trials with probiotics for the treatment of autoimmune arthritic diseases.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study\                         Probiotic strains employed and dose                             Results                                                                                                                                                                                  References
  Participant Type\                                                                                                                                                                                                                                                                       
  (n = number of participants)                                                                                                                                                                                                                                                            
  ------------------------------ --------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------
  DBRCT\                         *Lactobacillus rhamnosus* GG (LGG) or placebo for 12 months.\   Although there were no statistical significant differences in the activity of RA, more subjects in the LGG group reported subjective well-being.                                         \[[@B82-pathogens-02-00606]\]
  RA\                            Dose: 5 × 10^9^ CFU/capsule/day/52 weeks                                                                                                                                                                                                                 
  (n = 21)                                                                                                                                                                                                                                                                                

  DBRCT Spondyloarthritis\       *Streptoccocus salivarius* (1 × 10^8^ CFU/g),\                  Probiotic therapy did not improve disease activity, function or quality of life.\                                                                                                        \[[@B83-pathogens-02-00606]\]
  (n = 63)                       *Bifidobacterium lactis* (4 × 10^8^ CFU/g),\                    The probiotic group did however demonstrate an improvement in GIT symptoms within the 12-week period.                                                                                    
                                 *Lactobacillus acidophilus* (1 × 10^8^ CFU/g)\                                                                                                                                                                                                           
                                 Dose: 0.8 g (1 level tea spoonful) b.i.d./12 weeks                                                                                                                                                                                                       

  DBRCT\                         *Lactobacillus rhamnosus* GR-1\                                 Although probiotics did not clinically improve RA as measured by the ACR20 there was functional improvement seen within the probiotic group compared to placebo.                         \[[@B84-pathogens-02-00606]\]
  RA\                            *Lactobacillus reuteri* RC-14\                                                                                                                                                                                                                           
  (n = 29)                       Dose: 2 × 10^9^ CFU/capsule/b.i.d./12 weeks                                                                                                                                                                                                              

  DBRCT\                         *Bacillus coagulans* GBI-30, 6086\                              Results of this pilot study suggest that adjunctive treatment with *Bacillus coagulans* GBI-30, 6086 LAB probiotic appeared to be a safe and effective for patients diagnosed with RA.   \[[@B85-pathogens-02-00606]\]
  RA\                            Dose: 2 × 10^9^ CFU/capsule/b.i.d./8 weeks                                                                                                                                                                                                               
  (n = 45)                                                                                                                                                                                                                                                                                
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

DBRCT: Double Blind Randomized Controlled Trial; ACR20: American College of Rheumatology core set of disease activity measures for RA.

6. Mechanism of Action of Probiotics
====================================

Over the last six decades, oxidative stress has been proposed to play a major role in the development of chronic diseases such as inflammatory bowel diseases, cardiovascular diseases advocating that antioxidant strategies should become part of the treatment strategy \[[@B106-pathogens-02-00606]\]. We assert that this is incorrect.

6.1. The Intracellular Second Messenger Role of ROS
---------------------------------------------------

Reactive oxygen species (ROS) are known to play a major role in maintaining normal physiological function \[[@B107-pathogens-02-00606]\] ([Figure 1](#pathogens-02-00606-f001){ref-type="fig"}). The investigations on protein albumin thiol oxidations and serum protein carbonyl formations overestimate the damage that is attributed to ROS activity.

![Synopsis of physiologically normal ROS/RNS regulatory functions for intracellular and extracellular interactions (adapted with permission from \[[@B107-pathogens-02-00606]\]).](pathogens-02-00606-g001){#pathogens-02-00606-f001}

This inference further nurtures support for the administration of antioxidant therapies. However, there are no reported clinical trials that support this conclusion. Our group \[[@B107-pathogens-02-00606]\] have previously considered and challenged the commonly-held view that proteins are randomly oxidized in an uncontrolled process by superoxide anion, hydrogen peroxide, nitric oxide and peroxynitrite, thereby contributing directly to the development of chronic diseases and the aging process. We concluded that this concept is not tenable and it is in error, misrepresenting stringently-regulated cellular redox metabolism.

The oxidation of protein amino acid residues, since their discovery some decades ago, has been almost universally reported as leading to protein inactivation and requiring mandatory proteolysis to prevent their deleterious cellular accumulation. It is clear that oxidatively-modified proteins do not simply arise as the result of random oxidative damage (hydroxylations of various amino acid residues, sulfoxidation of methionines, nitrosylations of sulphydryl groups and so on). There is an increasing number of situations where free radical protein modifications can be shown to be part of normal cellular regulatory signaling activity. As for example (i) the oxidation of only two of the seven specific methionine residues of calmodulin that is involved in the process of down-regulating plasma membrane Ca^++^ATPase and (ii) the turnover of the hypoxia-inducible factor-alpha (HIF**a**) and its proteasome degradation that is undoubtedly regulated by hydroxylation of its prolyl residues \[[@B107-pathogens-02-00606]\]. This is an ordered process involving signaling by the free radical system encompassed of superoxide anion, nitric oxide and peroxynitrite.

We have reported \[[@B107-pathogens-02-00606]\] (as have others) that ROS generated by Nox enzymes have been shown to function as critical second messengers in multiple signal transduction pathways via the rapid and transient oxidative inactivation of a distinct class of sensor proteins bearing oxidant-sensitive thiol groups.

Probiotic bacteria have been reported to temper a range of GIT physiological functions that include a regulated control over immune responses, epithelial barrier function and cellular proliferation \[[@B108-pathogens-02-00606]\]. The downstream mechanism that has been advanced for the GIT control of pathogens is (i) a direct anti-microbial action through assembly of bacteriocins or inhibitors of pathogen gene expression; (ii) competitive exclusion of pathogens by competing for binding sites or stimulation of epithelial barrier function; (iii) stimulation of immune responses via increases of sIgA and anti-inflammatory cytokines and the rescue and regulation of pro-inflammatory cytokines; and (iv) inhibition of virulence gene or protein expression in gastrointestinal pathogens \[[@B108-pathogens-02-00606]\]. The upstream mechanism that induces this complex control of pathogenic activity implicates ROS.

A recent study has demonstrated that some genera of human GIT bacteria can induce a rapid increase of ROS, eliciting a physiological response through the activation of epithelial NADPH oxidase-1 (Nox1) \[[@B109-pathogens-02-00606],[@B110-pathogens-02-00606]\]. In addition, reports site *in vitro* experiments with epithelial cells that, when co-cultured with specific probiotic bacteria, show an increased and rapid oxidation reaction of soluble redox sinks, namely glutathione and thioredoxin \[[@B109-pathogens-02-00606],[@B110-pathogens-02-00606]\]. This action indicates the presence of a regulated process. This effect was demonstrated as an increase in the oxido-reductase reaction of transcriptional factor activations such as nuclear factor kappa B (NFκB), NrF2 and the antioxidant response element, reflecting a cellular response to increased ROS production that is regulated \[[@B109-pathogens-02-00606],[@B110-pathogens-02-00606]\]. This effect must be decisive in order to elicit a restrained anti-infective response with a minimal chance of pro-inflammatory damage to the tissue. These reactions define potent regulatory effects on host physiological functions that include immune function and intracellular signaling.

The reported mechanisms of action of probiotics are similarly aligned acting to enhance the epithelial barrier, increased bacterial adhesion to the intestinal mucosa, with an attendant inhibition of pathogen adhesion to the competitive exclusion of pathogenic microorganisms \[[@B109-pathogens-02-00606],[@B110-pathogens-02-00606],[@B111-pathogens-02-00606],[@B112-pathogens-02-00606],[@B113-pathogens-02-00606],[@B114-pathogens-02-00606],[@B115-pathogens-02-00606]\]. Furthermore, probiotic strains have also been reported to generate a range of anti-microbial substances and to positively affect and modulate immune system function. Lee \[[@B112-pathogens-02-00606]\] has reported that the enteric commensal bacteria, by rapidly generating ROS, negotiate an acceptance by the GIT epithelia. Different strains of commensal bacteria can elicit markedly different levels of ROS from contacted cells. *Lactobacilli* are especially potent inducers of ROS generation in cultured cells and *in vivo*, though all bacteria tested have some ability to alter the intracellular oxido-reductase environment \[[@B111-pathogens-02-00606]\]. Yan \[[@B113-pathogens-02-00606]\] has reported that there are soluble factors that are produced by strains of *lactobacilli* that are capable of mediating beneficial effects *in vivo* inflammatory models. This result expands our understanding that there are ROS-stimulating bacteria that possess effective specific membrane components and or secreted factors that activate cellular ROS production to maintain homeostasis.

6.2. ROS and the GIT Microbiome
-------------------------------

It has been reported that redox signaling by microbial ROS formation is in response to microbial signals via formyl peptide receptors and the gut epithelial NADPH oxidase 1 (Nox1) \[[@B110-pathogens-02-00606]\]. As we have previously documented \[[@B107-pathogens-02-00606]\] ROS generated by Nox enzymes have been shown to function as essential second messengers in multiple signal transduction metabolic pathways through the rapid and transient oxidative inactivation of a distinct class of sensor proteins bearing oxidant-sensitive thiol groups. These redox sensitive proteins include tyrosine phosphatases that attend as regulators of the MAP kinase pathways, focal adhesion kinase \[[@B107-pathogens-02-00606],[@B110-pathogens-02-00606]\]. These reports focuses our understanding on the importance of second messenger functionality for the maintenance of homeostasis and brings into serious question of the annulment of ROS by antioxidant supplements for the amelioration of chronic diseases such as CKD. The importance of recent investigations regarding probiotic/microbial-elicited ROS teaches that stimulated cellular proliferation and motility is strictly controlled and is a regulated signaling process for proper innate immunity and GIT barrier functionality \[[@B111-pathogens-02-00606],[@B114-pathogens-02-00606],[@B115-pathogens-02-00606]\]. The observations that the vertebrate epithelia of the intestinal tract supports a tolerable low-level inflammatory response toward the GIT microflora can be viewed as an adaptive activity that maintains homeostasis \[[@B116-pathogens-02-00606]\].

7. Conclusions
==============

The regulatory role of the GIT microbiota in immune and inflammatory activity and the metabolic potential that it harbors provides a novel avenue of research for musculoskeletal diseases with potentially novel treatment options.

Gut dysbiosis reflecting an imbalanced GIT microbiome that may be associated with impaired GIT mucosal barrier functions are associated with numerous adverse health concerns such as translocation of bacteria-derived lipopolysaccharides, accumulation of endotoxins and hyper-activation of the immune system. The host-microbiota through a series of complex cooperative tasks seeks to maintain homeostasis throughout.

Results from our clinical studies, has shown that in patients diagnosed with OA, the participants displayed GIT dysbiosis that was partially rescued by compounds such as glucosamine and green-lipped mussel extract \[[@B12-pathogens-02-00606],[@B13-pathogens-02-00606]\]. The therapeutic efficacy of these compounds may be associated with the re-regulation of a dysbiotic gut that can subsequently influence immune and inflammatory activity. An adaptive tolerable activity by the commensal microbial cohort that enhances the GIT milieu in favor of the host is promoted. The microbial cohort in the GIT tolerates the host provided the milieu concurrently supports the microbial cohort organ. As such it would seem plausible that a mutually symbiotic relationship is in effect that maintains local and extra-intestinal inflammatory responses regulated. This co-operative microbial cohort-host activity may also provide beneficial effects in patients diagnosed with RA \[[@B52-pathogens-02-00606]\].

In this review commentary, we have also advanced support for the role of reactive oxygen species as the upstream mediators of the signaling message that commensal and probiotic bacteria elaborate, to maintain homeostasis whilst tolerating a symbiotic relationship with the host. The implication of the GIT microbiota in the pathogenesis of OA and RA and interventions with probiotics is in its infancy and presents a complex and intellectually challenging exercise.
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